Abstract The intense rainfall in the tropical Atlantic spatially overlaps with the spread of the Amazon plume. Based on remote-sensed sea surface salinity and rainfall, we removed the contribution of rainfall to the apparent Amazon plume area, thus refining the quantification of its extension (0.84 ± 0.06 × 10 6 km 2 to 0.89 ± 0.06 × 10 6 km 2 ). Despite the previous overestimation of the Amazon plume area due to the influence of rainfall (>16%), our calculated annual CO 2 flux based on rainfall-corrected sea surface CO 2 fugacity confirms that the Amazon River plume is an atmospheric CO 2 sink of global importance (À7.61 ± 1.01 to À7.85 ± 1.02 Tg C yr À1 ). Yet we show that current sea-air CO 2 flux assessments for the tropical Atlantic could be overestimated in about 10% by neglecting the CO 2 sink associated to the Amazon plume. Thus, including the Amazon plume, the sea-air CO 2 exchange for the tropical Atlantic is estimated to be 81.1 ± 1.1 to 81.5 ± 1.1 Tg C yr À1 .
Introduction
Global oceans act as net sinks of atmospheric CO 2 , thus mitigating the impact of the anthropogenic CO 2 emissions in the atmosphere [Takahashi et al., 2009; Landschützer et al., 2014] . Oceanic CO 2 sink areas are concentrated at high latitudes, while the tropical oceans generally act as sources of CO 2 to the atmosphere [Takahashi et al., 2009; Landschützer et al., 2014] . The tropical Atlantic is the second largest oceanic CO 2 source to the atmosphere after the tropical Pacific, accounting for an annual emission of 98-110 Tg C [Takahashi et al., 2009; Landschützer et al., 2014] . The zonal spread of CO 2 -rich waters that originated in the equatorial upwelling system driven by the surface currents explains this net CO 2 outgassing [Andrié et al., 1986] . Nevertheless, large, poorly studied areas of the tropical Atlantic surface are characterized by CO 2 undersaturation associated to freshwater sources to the basin [Lefèvre et al., 2010] , which rises doubts about current sea-air CO 2 estimations for the basin and the role of the tropical Atlantic in the global sea-air CO 2 exchange.
The Amazon River is the largest river in the world, accounting for almost 20% of the global river discharge onto the oceans [Cai et al., 2013, and references therein] . In the Atlantic Ocean, the dispersal of Amazon River waters develops a brackish water plume that can exceed 10 6 km 2 , reaching latitudes as far from the river mouth as 30°W [Coles et al., 2013] or even 25°W when the North Equatorial Countercurrent (NECC) is strong [Lefèvre et al., 1998 ]. The upper Amazon River is a large source of CO 2 to the atmosphere (210 ± 60 Tg C yr À1 ) [Richey et al., 2002] , supported by organic matter mineralization and CO 2 and organic matter exportation from flooded wetlands [Abril et al., 2014] . As it mixes with oceanic waters, high-nutrient concentrations transported by the river together with the progressive establishment of more favorable conditions (lower turbidity) stimulate primary producers' growth and associated biological carbon drawdown [Chen et al., 2012] . The spread of Amazon waters in the tropical Atlantic is also known to support significant N 2 fixation, becoming the main pathway of C sequestration within the plume [Subramaniam et al., 2008] . The sinking of C that originated in the primary production within the Amazon River plume is estimated to be 27.6 Tg C/yr [Subramaniam et al., 2008] . Such C drawdown rapidly reverts the CO 2 saturation conditions of the Amazon waters and leads to a globally significant sink of atmospheric CO 2 [Ternon et al., 2000; Körtzinger, 2003; Cooley et al., 2007; Lefèvre et al., 2010; Ibánhez et al., 2015] .
Here we reveal the systematic overlook of the role of the Amazon River plume in the current sea-air CO 2 exchange estimations for the tropical Atlantic. We present an improved estimation of the atmospheric CO 2 sink associated to the Amazon River plume based on extensive underway sea surface CO 2 fugacity (fCO 2sw ) observations and high-resolution, novel remote-sensed sea surface salinity (SSS). The results obtained are used to requantify the net CO 2 outgassing associated to the tropical Atlantic. 
where P is the atmospheric pressure (atm), pH 2 O is the water vapor pressure at 100% humidity (atm) calculated from SST and SSS, and C f is the fugacity coefficient calculated according to Weiss [1974] . Monthly atmospheric pressure from May 2010 to December 2014 was obtained from the National Centers for Environmental Prediction (NCEP)/National Center for Atmospheric Research Reanalysis project, initially at a 2.5°resolution, and linearly interpolated into the working grid (0.25°×0.25°). Monthly SST for the same period was derived from the daily NOAA optimum interpolation (OI) SST v2 data (0.25°×0.25°) [Reynolds et al., 2002] ) within the Amazon River plume were calculated according to
where S o is the solubility of CO 2 (mol kg À1 atm
À1
) as a function of SST and SSS [Weiss, 1974] , k is the gas transfer velocity (m d À1 ), and fCO 2sw is the fCO 2 of the surface ocean waters (calculated from that measured along the Colibri tracks). k was calculated according to Sweeney et al. [Sweeney et al., 2007] :
where Sc is the Schmidt number and U 10 is the wind speed (m d ) from May 2010 to December 2014 were downloaded from the Ocean Surface Current Analyses Real-time data, obtained from Jet Propulsion Laboratory Physical Oceanography Distributed Active Archive Center and developed by ESR (1°resolution). Additionally, monthly wind, Amazon River discharge, sea surface current velocity, and SST climatologies were computed for the period of 1995-2014. Monthly wind, Amazon River discharge, SST, and sea surface current velocity anomalies were then computed for the period covered in this study (2010) (2011) (2012) (2013) (2014) . Wind, SST, and sea surface current anomalies were integrated over the area 7.5-12.5°N and 45-55°W. These anomalies together with river discharge anomalies were used to elucidate the impact of the variability of these physical parameters in the Amazon plume area and calculated sea-air CO 2 exchange. SSS in the western tropical Atlantic is strongly influenced by the Amazon River discharge, advection by surface currents, and rainfall [Grodsky et al., 2014] . From December to May, the North Brazil Current (NBC) advects the
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Amazon waters along the northern coast of South America. From May to November, the NBC retroflection transports most of the Amazon waters eastward in the NECC along the 5 to 10°N latitudinal band [Coles et al., 2013] . From July to November, most of the Amazon plume is transported eastward, coinciding with the northern most annual position of the Intertropical Convergence Zone (ITCZ) associated to intense rainfall. This spatial overlapping of both sources of freshwater develops a region of almost continuous surface brackish waters across the basin, thus increasing the apparent extension of the Amazon plume [Coles et al., 2013; Grodsky et al., 2014] .
Monthly precipitation data sets (mm h À1 ) obtained from the Tropical Rainfall Measuring Mission (TRMM) [Huffman et al., 2007] (http://precip.gsfc.nasa.gov/; 0.25°resolution) were used to quantify the influence of the rainfall associated to the ITCZ on the freshening observed in the area of the Amazon plume and its influence on the resulting sea-air CO 2 exchange. Furthermore, the position of the ITCZ was calculated from the TRMM data as the monthly maximum precipitation latitudinal band within 0-24°N and averaged for the 60-30°W longitudinal band ( Figure 1a ).
Throughout this study, the errors associated to our results correspond to the standard error of the estimate.
Results and Discussion
SSS in the Western Tropical North Atlantic
Novel results from the SMOS mission permit for the accurate determination of SSS in the tropical Atlantic [Grodsky et al., 2014] . The SMOS reanalysis products (available for the period of May 2010 to December 2014) have been extensively validated with in situ data, and for the tropical Atlantic, the estimated error is 0.33 practical salinity unit (psu) [Hernandez et al., 2014] . Furthermore, SSS obtained from the daily SMOS products available for the Amazon plume area is in very good agreement with that measured along the Colibri tracks (slope = 0.993, R = 0.93, n = 223, p < 0.001; Figure S1 in the supporting information). The dotted line represents the area with SSS lower than 35 psu, whereas the filled dots represent the calculated Amazon River plume after removing the influence of rainfall over SSS by using the conservative (dark green) and the high-end (light green) empirical SSS versus precipitation relationship found in the eastern tropical Atlantic. (h) Calculated monthly sea-air CO 2 fluxes in the Amazon River plume for the period covered by the SMOS mission. The dark (light) magenta represents the calculated monthly sea-air CO 2 fluxes using the conservative (high-end) rainfall versus SSS estimate. Furthermore, the monthly sea-air CO 2 fluxes for the Amazon River plume as calculated from the CO 2 flux climatology of Landschützer et al. [2014] are also shown in dark grey (grey).
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We compared the monthly precipitation rate with monthly SSS in five regions of the tropical Atlantic with the ITCZ as the only freshening source to elucidate the contribution of rainfall to the bulk freshening observed in the area of the Amazon plume (Figure 2 ). Despite the seasonality and spatial heterogeneity of climatic and hydrodynamic forces that determine the mixed layer depth and consequently its salinity balance in the tropical Atlantic [Da-Allada et al., 2013], we found highly significant linear relationships of precipitation with SSS across the basin (R > 0.73, n = 56, p < 0.0001, slope from 1.016 to 1.279 psu h mm
À1
; Figure 2) . We used the lower slope (1.016 psu h mm À1 ) of the SSS versus precipitation relationships found together with rainfall rate to conservatively estimate the influence of rainfall over the measured SSS in the tropical Atlantic region affected by the Amazon plume (results derived from the use of the higher slope, 1.279 psu h mm À1 , are also shown in brackets for comparison). The Caribbean Sea was excluded from this analysis to limit the influence of the Orinoco waters [Grodsky et al., 2014] . After removing the freshening caused by rainfall, the area of the western tropical Atlantic (61-31°W) with SSS <35 psu (hereby defined as the Amazon River plume) was reduced by 16.6 ± 1.5% (range 3.2-61.1%, n = 56; Figure 1g ) [20.6 ± 1.8% on the high-end estimate, range 3.6-73.0%, n = 56]. This is the first time that the rainfall contribution has been separated from the freshening caused by the Amazon River dispersal in the tropical Atlantic.
After removing the influence of rainfall in the freshening observed in the western tropical Atlantic, the areal extension of the Amazon River plume was still highly significant, ranging from 0.25 to 1.60 × 10 6 km 2 (average 0.89 ± 0.06 × 10 6 km 2 ; Figure 1g) Lefèvre et al. [2010] estimated the area of the Amazon plume in 2.4 × 10 6 km 2 and 1.1 × 10 6 km 2 , respectively. The intense rainfall associated to the ITCZ has very likely led to a significant overestimation of the spatial extension of the Amazon River plume in previous studies.
The Amazon River plume area showed high seasonal variability, according to the seasonality of the main processes responsible for its spread in the tropical Atlantic (river discharge, wind intensity, and the magnitude of the local system of surface currents [Molleri et al., 2010] 
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coincident with the period of the NBC retroflection. This period of the year coincides with the northernmost transport of Amazon waters driven by Ekman currents and eddies [Mignot et al., 2012] , reaching latitudes higher than 22°N. Despite this strong seasonality, no significant interannual changes in the Amazon plume area were observed among the five studied years ( p > 0.2; Figure 1g) . A general linear model (GLM) of wind intensity (p < 0.001) and river discharge ( p < 0.001) significantly explained the variability of the Amazon River plume for both the conservative and the high-end estimates of the influence of rainfall (R 2 = 0.84 [R 2 = 0.84], n = 56).
fCO 2sw in the Amazon River Plume
The Amazon River plume is the main driver of the fCO 2sw variability in the western tropical Atlantic. fCO 2sw determined along the tracks of the merchant ship MN Colibri ( Figure Rainfall impacts the physics and chemistry of the surface waters, thus altering the inorganic C chemistry and the CO 2 transfer between the ocean and the atmosphere [Turk et al., 2010] . The relationships of rainfall versus SSS changes in the tropical Atlantic allow us to estimate the effect of rainfall over fCO 2sw within the plume. Since rainfall usually contains zero TAlk and near-zero dissolved inorganic C (DIC), chemical dilution of TAlk and DIC and atmospheric DIC deposition are the main effects of rainfall over the observed fCO 2sw [Sarmiento and Gruber, 2006; Turk et al., 2010] . Assuming constant temperature, the change in fCO 2sw due to rainfall can be calculated as [Sarmiento and Gruber, 2006] Δf
We interpolated the monthly rainfall data at the position where measurements on board MN Colibri were performed within the Amazon plume and used the SSS versus rainfall relationships presented here to obtain the change in SSS caused by rainfall. Furthermore, we used the global mean values of the sensitivity of fCO 2sw to changes in DIC and TAlk and the salinity dependence of fCO 2sw [Sarmiento and Gruber, 2006] to calculate the theoretical fCO 2sw in the Amazon plume without rainfall ( Figure S3 in the supporting information). The theoretical relationship between fCO 2sw and SSS in the Amazon plume without rainfall becomes fCO 2sw = 15.9 (±0.1) SSS À 171.3 (±3.4), R = 0.9, n = 5642 ( Figure S3 in the supporting information) [fCO 2sw = 16.1 (±0.1) SSS À 177.1 (±3.5), R = 0.9, n = 5504 on the high-end estimate].
Sea-Air CO 2 Fluxes in the Amazon River Plume
The theoretical fCO 2sw model developed here for the Amazon River plume after removing the effect of rainfall was used together with SMOS-derived SSS (after removing the contribution of rainfall to the observed freshening in the area) and optimum interpolation SST products to calculate the sea-air CO 2 exchange in the Amazon River plume. The lowest SSS used in the fCO 2sw model (17.4 psu) was used as the lower boundary of the fCO 2sw extrapolation. Calculated monthly sea-air CO 2 fluxes within the Amazon plume ranged from À2.12 to 0.01 Tg C month À1 (À2.10 to À0.02 Tg C month À1 for the high-end estimate) for the studied period (Figure 1h ), where negative CO 2 fluxes denote sea surface CO 2 absorption. A GLM with month ( p < 0.01), river discharge ( p < 0.001), wind intensity ( p < 0.001), and plume area ( p < 0.001) significantly explained the variability of the calculated CO 2 fluxes in the Amazon plume (R 2 = 0.83 [R 2 = 0.82], n = 56).
Maximum atmospheric CO 2 absorption (more negative CO 2 flux values) within the plume systematically occurred during May-June (Figure 1h ), when the monthly discharge of the river peaks (Figure 1b) . Overall, net monthly CO 2 outgassing in the Amazon River plume was only verified during September to November 2010. Year 2010 was a year of significant climatic changes in the tropical Atlantic following the 2009 Pacific El Niño [Richter et al., 2013] , which led to an increased CO 2 outgassing in the basin [Lefèvre et al., 2013] . In the Amazon plume area, 2010 was characterized by the highest positive SST (Figure 1f ) and negative
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wind intensity (Figure 1e ) and river discharge (Figure 1c ) anomalies of the studied period. Thus, the reduced atmospheric CO 2 absorption in the Amazon plume during 2010 contributed to the increased CO 2 outgassing observed in the tropical Atlantic during that period.
Excluding the anomalous year 2010, the calculated mean annual sea-air CO 2 flux in the Amazon River plume was À7.85 ± 1.02 Tg C yr À1 (from À5.57 Tg C in 2011 to À10.40 Tg C in 2014) [À7.61 ± 1.01 Tg C yr
À1
; from À5.35 Tg C in 2011 to À10.12 Tg C in 2014 for the high-end estimate], in accordance with previous CO 2 flux estimations for the Amazon River plume (from À5 to À15 ± 6 Tg C/yr [Körtzinger, 2003; Cooley et al., 2007; Lefèvre et al., 2010] ). Körtzinger [2003] and Lefèvre et al. [2010] based their estimations on empirical linear relationships of fCO 2sw with SSS within the river plume. Cooley et al. [2007] based their estimation on the extrapolation of calculated CO 2 fluxes for the area of the Amazon plume determined from the Sea-viewing Wide Field-of-view Sensor satellite data. In all cases, these estimations were based on bulk SSS in the western tropical Atlantic. We further used the linear relationship between fCO 2sw and SSS found by Ibánhez et al. [2015] with SMOS-derived bulk SSS for the area 31-61°W and 5°S-22°N (i.e., not removing the freshening effect of rainfall in the region). The resulting annual CO 2 flux (from 2011 to 2014) in this case is À8.79 ± 1.1 Tg C yr À1 , i.e., an overestimation of 11.0 ± 1.0% (13.8 ± 1.1% on the high-end estimate) by not accounting for the influence of the ITZC in the freshening and fCO 2sw dynamics in the Amazon River plume.
Reevaluating the Sea-Air CO 2 Exchange in the Tropical Atlantic
The mean sea-air CO 2 efflux in the tropical Atlantic (18°S-18°N) is currently estimated to be between 110 Tg C yr
À1
(reference year 2000 [Takahashi et al., 2009] ) and 98 Tg C yr À1 (average from 1998 to 2011 [Landschützer et al., 2014] ). Both sea-air CO 2 flux climatologies show very similar patterns within the western tropical Atlantic (Figures 3k-3n) , with a seasonal role in the area of the North Equatorial Current (from~12 to~30°N) and permanent CO 2 efflux near the coast of South America, southeast of the Amazon River mouth (in the area of the oceanic waters transported by the NBC). These CO 2 flux climatologies characterize the area of the Amazon River plume as an almost permanent source of CO 2 to the atmosphere (e.g., Figures 1h, grey dots, and 3k-3n). This contrasts with the results presented here, which are in agreement with early work that recognized the atmospheric C sink associated to the Amazon plume [Ternon et al., 2000; Körtzinger, 2003; Cooley et al., 2007] . Furthermore, the climatology of Landschützer et al. [2014] is based on the SOCAT database v2, which at the time already included part of the data presented in Lefèvre et al. [2010] , Ibánhez et al. [2015] , and this study. [Takahashi et al., 2014] ). Although they do not present a climatological atmospheric pCO 2 (and therefore lacks ΔpCO 2 and sea-air CO 2 flux estimations), the updated climatology shows averaged pCO 2 values 6.3 μatm lower than its previous version for the region 2°S-18°N and 60-40°W. Nevertheless, for July, this updated climatology gives pCO 2 values 7.7 μatm higher than the previous version. This is the period of the year when both the area of the Amazon plume and the associated atmospheric CO 2 sink are close to their maximum values (Figures 1g and 1h) . Thus, despite previous evidence, these studies have systematically overlooked the impact of the Amazon River plume in the sea-air CO 2 exchange for the region (Figure 3 ).
To estimate the contribution of the Amazon River plume to the overall sea-air CO 2 exchange in the tropical Atlantic, we used the climatology of Landschützer et al. [2014] due to the contemporaneity of their estimations (from 1998 to 2011) with our results and the higher resolution (1°×1°) compared to the climatologies of Takahashi et al. [2009 Takahashi et al. [ , 2014 (4°×5°). Excluding the Caribbean Sea, the climatology of Landschützer et al. [2014] gives an estimated net efflux of 90.5 Tg C yr À1 for the tropical Atlantic (18°S-18°N) . Using the monthly area of the Amazon plume after removing the influence of rainfall, this CO 2 climatology identifies the Amazon River plume as a source of 1.51 ± 0.05 Tg C yr À1 (1.42 ± 0.05 Tg C yr
) to the atmosphere (Figures 1i, grey  dots, and 3 ). This contrasts with the almost permanent CO 2 sink characteristic of the Amazon River plume (Figures 1i, magenta dots, and 3) . Based on the calculated annual CO 2 flux within the Amazon plume presented here (from 2011 to 2014) and the CO 2 climatology of Landschützer et al. [2014] , the CO 2 outgassing in the tropical Atlantic becomes 81.1 ± 1.1 Tg C yr À1 (81.5 ± 1.1 Tg C yr
). According to our results, these estimations of the sea-air CO 2 exchange in the tropical Atlantic would be overestimated by 10.3 ± 1.0% (10.0 ± 1.0%) by overlooking the role of the Amazon River plume. Geophysical Research Letters 10.1002/2016GL068020 Ibánhez et al., 2015] and demonstrates that its CO 2 dynamics can play an important role on the CO 2 balance at regional scale (tropical Atlantic Ocean). Other CO 2 undersaturation zones related to the ITCZ [Lefèvre et al., 2010] or potentially other major rivers discharging into the basin (e.g., Orinoco and Congo) would also have an impact in the net CO 2 flux in the tropical Atlantic. The magnitude of the CO 2 sink associated to these freshwater sources to the basin is expected to be of lower magnitude than that associated to the Amazon River plume due to its disproportionate surface area and the enhanced biological activity associated to it: the area of the Amazon plume is orders of magnitude higher than any other river plume in the world [Cai et al., 2013] . Furthermore, despite the higher extension of the freshening caused by the ITCZ in the tropical Atlantic compared to the Amazon plume, the biological component of its associated sea surface CO 2 undersaturation is minimal [Lefèvre et al., 2010] . Yet the CO 2 outgassing in the tropical Atlantic could be lower than currently estimated.
Conclusions
Based on empirical relationships between rainfall rate and SSS changes in the tropical Atlantic, we have removed the contribution of the ITCZ to the freshening caused by the Amazon River plume in the western tropical Atlantic. These relationships were also used to calculate the fCO 2sw within the Amazon plume without the 
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influence of rainfall over the inorganic C system. These relationships of rainfall versus SSS changes found in this study could also be used in other areas of the tropical Atlantic to remove the freshening caused by the rainfall associated to the ITCZ, such as the Orinoco River plume area.
The influence of the ITCZ on the apparent Amazon plume is revealed to be highly significant, accounting for >16% of the area with bulk SSS <35 in the area. Nevertheless, and after removing also the effect of rainfall over the measured fCO 2sw and SSS, this study confirms that the Amazon plume alone is an atmospheric CO 2 sink of global importance (À7.61 ± 1.01 to À7.85 ± 1.02 Tg C yr
À1
). Based on the results presented here and current sea-air CO 2 climatologies, the sea-air CO 2 exchange for the tropical Atlantic is estimated to be 81.1 ± 1.1 to 81.5 ± 1.1 Tg C yr À1 , i.e., about 10% lower than previous estimates by specifically including the Amazon plume in these estimations. Thus, this study emphasizes the need for requantifying the sea-air CO 2 exchange in the tropical Atlantic, by including an explicit representation of river plumes (particularly the Amazon plume due to its disproportionate magnitude), to provide robust quantification of its role at global scale.
